Tourette syndrome (TS) is a neurological disorder characterized by vocal and motor tics. TS is associated with impairments in behavioral inhibition, dysfunctional signaling of the inhibitory neurotransmitter GABA, and alterations in the balance of excitatory and inhibitory influences within brain networks implicated in motor learning and the selection of actions. We review evidence that increased control over motor outputs, including the suppression of tics, may develop during adolescence in TS and be accompanied by compensatory, neuromodulatory, alterations in brain structure and function. In particular, we argue that increased control over motor outputs in TS is brought about by local increases in 'tonic' inhibition that lead to a reduction in the 'gain' of motor excitability.
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Tourette syndrome (TS) is a neurological disorder characterized by vocal and motor tics. TS is associated with impairments in behavioral inhibition, dysfunctional signaling of the inhibitory neurotransmitter GABA, and alterations in the balance of excitatory and inhibitory influences within brain networks implicated in motor learning and the selection of actions. We review evidence that increased control over motor outputs, including the suppression of tics, may develop during adolescence in TS and be accompanied by compensatory, neuromodulatory, alterations in brain structure and function. In particular, we argue that increased control over motor outputs in TS is brought about by local increases in 'tonic' inhibition that lead to a reduction in the 'gain' of motor excitability.
What is Tourette Syndrome and What Are Tics?
TS is a childhood-onset hyperkinetic condition affecting approximately 1% of school-age children [1] . It is characterized by an evolving repertoire of chronic motor tics and one or more phonic tics. Tics occur in bouts, typically many times in a single day, and are the most common form of movement disorder in children. In child populations with TS the ratio of males to females is estimated at 5.2 to 1, but in adult samples this gender split is closer to parity [2] . Motor tics can be simple or complex in appearance, ranging from repetitive movements to coordinated action sequences. Verbal tics can consist of repeating sounds, words or utterances (palilalia), producing inappropriate or obscene utterances (coprolalia), or the repetition of another's words (echolalia).
Currently what drives progression from simple to complex tics is unknown; however, clinical descriptions clearly resemble that of habit formation [3] . Tics, similarly to habits, are inflexible and repetitive behaviors that are acquired over time. In general tics begin with simple motor tics (e.g., eye blinking, nose twitching, or grimacing) around the age of 4-6 years. About a year later these are joined by simple phonic tics or sounds (e.g., sniffing, grunting). Individuals with TS perceive a relatively constant demand to suppress their tics, particularly in social situations. While the voluntary suppression of tics is possible for many individuals, they nevertheless report that it can be uncomfortable and stressful to suppress their tics, and that the urge to tic becomes uncontrollable after a period of suppression.
TS often follows a developmental timecourse in which tics remit or become increasingly more controlled during adolescence in many individuals. TS first presents during early childhood and the severity of tics follows a remitting pattern with increasing age. Tic severity is often maximal between 11 and 14 years, with tics decreasing by early adulthood [1] . It has been proposed that
Trends
Tourette syndrome (TS) has been linked to impairment of inhibitory function. Recent evidence provides support for reduced physiological inhibition as a factor in the occurrence of tics, but there is little evidence that TS is linked to impairment in behavioral inhibition.
A widely held view is that control over tics is accomplished through increased functional and structural connectivity between frontal brain regions and motor cortex. Emerging evidence provides little support for this view, but indicates that, to the extent that structural and functional connectivity are increased in TS, such connectivity is disorganized and is associated with increases in tic severity.
Control over motor outputs in TS, including tics, may be brought about by increases in GABA-mediated 'tonic' inhibition within higher-order motor regions that lead to a reduction in the 'gain' of motor excitability.
the constant need to suppress tics leads to enhanced inhibitory control of motor outputs which generalizes to laboratory measures of cognitive control [4] . Furthermore, it is argued that increases in inhibitory control of motor outputs are associated with the development of compensatory alterations in brain structure and function that lead to enhanced control over motor outputs and a reduction in tics [5, 6] .
A substantial minority ($20-30%) of individuals will continue to exhibit debilitating tics into adulthood, in some cases with symptoms becoming more severe and resistant to treatment, resulting in considerable impairment in social functioning and quality of life [1] . Currently we do not understand why some individuals gain control over their tics while others do not. Nonetheless, it is clear that adults who exhibit persistent tics can be viewed as unrepresentative of the more general Tourette population, but may form an important group in which the clinical phenotype is stable, and the compensatory plastic changes that are thought to bring about increased control over tic severity during adolescence [4] have either failed to occur or have been ineffective.
In this paper we review evidence that TS is associated with impairments in behavioral and physiological inhibition (see Glossary), but that increased control over motor outputs, including the suppression of tics, may develop during adolescence, and may be accompanied by compensatory, neuromodulatory alterations in brain structure and function. In particular we review new evidence that increased control over motor outputs in TS is brought about by local increases in 'tonic' inhibition that lead to a reduction in the 'gain' of motor excitability.
Neurobiological Basis for Tics
The neural circuits of the brain are established early during development. Milestones include the genesis and migration of neurons, the formation of synapses, and consolidation of synaptic connections. These events typically produce brain networks with balanced excitatory and inhibitory influences and disruption to this balance has been proposed as a basis for several common neurodevelopmental disorders, including TS [7, 8] .
TS has been particularly associated with dysfunctional signaling by the neuromodulator dopamine (DA) [9] , which is strongly linked to mechanisms of reinforcement learning [10] , and to the neurotransmitter g-amino butyric acid (GABA) [7, 8] . GABA is the main inhibitory neurotransmitter in the brain, it is present in 25-50% of synapses, and contributes to almost all brain functions. Together, dysfunctional signaling of DA and GABA may each contribute to impairment in the operation of the cortical-striatal-thalamic-cortical (CSTC) brain circuits in TS, which are implicated in motor learning, particularly habit formation, and the selection of actions according to behavioral context [11] . As a consequence, individuals with TS may acquire relatively automatic and involuntary behaviors (i.e., tics) more readily than is normal, and it may be harder to un-learn maladaptive habits once these have been acquired [11] . of tics. Furthermore, a recent positron emission tomography (PET) imaging study has revealed that there are widespread alterations in GABA-A receptor binding in individuals with TS, and include in particular the striatum, thalamus, and insular cortex [15] .
Second, physiological studies using single-and paired-pulse transcranial magnetic stimulation (TMS) techniques have consistently demonstrated that there are alterations in corticalspinal excitability (CSE) and physiological inhibition in TS [16, 17] . Specifically, paired-pulse TMS studies of physiological inhibition have repeatedly shown that short-interval intracortical inhibition (SICI), a phenomenon that is known to be dependent upon the GABA-A receptor, is reduced in individuals with TS [16] .
Finally, studies using animal models have directly investigated the relationship between impaired GABA function within the striatum and the occurrence of motor tics. It was reported that microinjection of GABA antagonists within the striatum can produce both tic-like movements and repetitive stereotypical behaviors, and that these behaviors are determined according to the site of the injection [18] . Importantly, these studies demonstrate that focal microinjection of a GABA-A antagonist into the sensorimotor region of the striatum produce reversible increases in tic-like movements that are localized to a specific body part, commence within minutes of the injection, and typically last for 1-2 h.
Whereas striatal disinhibition has often been viewed as key to the occurrence of tics, recent electrophysiological recording studies in non-human primates confirm the importance of other brain regions that may be more important for the behavioral expression of tics. Specifically, while local field potential (LFP) spikes recorded within the striatum have been observed to precede the occurrence of tic-like movements in primate studies utilizing microinjection of GABA-A antagonists, it has recently been demonstrated that they can also be seen during inter-tic intervals, when no overt tic-like movements occur [19] . It has been suggested that these LFPs may be physiological correlates of premonitory urges [20] . By contrast, LFP spikes recorded in the primary motor cortex and the cerebellum always occur within the time-period immediately preceding the occurrence of tic-like movements.
Altered Structural and Functional Connectivity in CSTC Networks in TS
MRI studies have repeatedly demonstrated that there are widespread alterations in brain structure and function associated with TS [6] . These include alterations in: grey matter (GM) volume (e.g., [21, 22] ), cortical GM thickness (e.g., [23, 24] ), cortical gyral and sulcal topography (e.g., [25] ), white matter (WM) microstructure and connectivity (e.g., [5, [26] [27] [28] [29] [30] ), and functional connectivity based upon resting-state functional MRI (rs-fMRI) measurements (e.g., [31] [32] [33] ). While some findings have proved to be reliable across studies (e.g., the thinning of cortical GM in sensorimotor cortex and inferior frontal cortex), results from other studies have been mixed, with many inconsistent or seemingly contradictory findings being reported. Several factors likely contribute to these differences including: the presence of co-occurring disorders, the effects of medication, and differences in the age of individuals being scanned. In addition, previous studies have often failed to distinguish between alterations in structural and functional connectivity that (i) could be seen as primary causes of tics in TS, and (ii) those that might be better considered as secondary consequences of TS and are associated with compensatory or adaptive changes that aid in the control of clinical symptoms. This issue is particularly important as it is suggested that individuals with TS gain control over their tics through the development of compensatory self-regulation mechanisms during adolescence (e. g., [4] [5] [6] ).
Two recent MRI studies have been particularly important in clarifying the nature of the alterations in structural and functional connectivity within the CSTC networks that are observed in adults with TS. First, using rs-fMRI to investigate alterations in functional connectivity within the sensorimotor, associative, and limbic CSTC networks, it has recently been shown that functional connectivity within all three CSTC networks is disorganized in adults with TS, relative to matched controls [32] . Furthermore, abnormalities in functional connectivity were correlated with tic severity. Specifically, functional integration (i.e., interaction between anatomical regions) was substantially increased in TS, with networks exhibiting shorter path lengths between areas, and increased number and strength of functional connections between brain regions. Importantly, CSTC networks in the TS group were characterized by a loss of 'hub' regions that facilitate fast and efficient transfer of information over long distances within brain networks [34] .
Second, studies using diffusion tensor imaging together with probabilistic tractography techniques to investigate the structural connectivity of CSTC white matter pathways in adults with TS have demonstrated that TS is associated with increased structural connectivity in the white matter tracts linking the striatum and thalamus with cortical sensorimotor regions [29] . These increases in structural connectivity are paralleled by alterations in the microstructure of corticalstriatal and thalamocortical white matter tracts. In particular, fractional anisotropy (FA) values in thalamocortical white matter tracts were increased in TS [29] . Note that, because FA is thought to reflect several anatomical properties of white matter, that include the density of axon bundles, axonal diameter, and axonal myelination, this finding is consistent with an increase in structural connectivity within CSTC networks in TS.
A key question raised by such findings is whether increased functional and structural connectivity within CSTC networks contributes to the occurrence of tics or might participate in their effective control. A consistent finding in each of these studies is that increased structural and functional connectivity (including increases in FA values) is positively associated with increases in tic severity. These findings support the proposal made previously [35] that increased long-range functional and structural connectivity is most often associated with increases in tic severity in TS rather than enhanced control of tics.
Is TS Associated with Impairment of Behavioral Inhibition?
It has often been proposed that neural disinhibition within CSTC networks gives rise to an impairment of inhibitory control of behavior in TS (e.g., [36] ). While this proposal is consistent with the observation that individuals with TS exhibit motor and vocal tics (suggestive of 'disinhibited' behaviors), it is important to note that the occurrence of tics in TS does not necessarily support a conclusion that TS is associated with impairment in the inhibitory control of behavior. Moreover, when the evidence from formal tests of behavioral inhibition or executive control in TS is examined, there is little convincing support for this conclusion because the results from behavioral studies are mixed [35] . While some studies report impairment in inhibitory control or executive function in TS (e.g., [37, 38] ), others report that there are no differences relative to matched controls (e.g., [39, 63] ), and still others consistently report finding enhanced inhibitory control in individuals with 'pure' or 'uncomplicated' TS (i.e., those without co-morbid disorders such as attention deficit hyperactivity disorder, ADHD) (e.g., [4, 5, 40, 41] ). Such conflicting reports have been explained as the result of differences in task and/or sample characteristics [35] . First, previous studies investigating deficits of inhibitory control in TS have used a variety of behavioral tasks, including the Stroop, Eriksen flanker, and Go/NoGo tasks [35] that likely differ in terms of their cognitive demands. Second, studies that report finding an impairment in inhibitory control or executive function in TS, have often failed to exclude individuals presenting with co-occurring conditions such as ADHD or obsessivecompulsive disorder (OCD) that may themselves be associated with impairment in inhibitory control. Furthermore, when such individuals are excluded, studies invariably report either no behavioral difference between groups or significantly enhanced performance in the TS groups [35] . Finally, studies reporting impairment in inhibitory control in individuals with TS have often been based upon samples of adults with TS or mixed samples containing both adults and children. Again, it has been argued that adults with TS may be unrepresentative of the 'typical' presentation of TS [6] .
How Do Tics Become Controlled During Adolescence?
TS most often follows a developmental timecourse characterized by a reduction in the frequency and intensity of tics during adolescence [1] . It has been proposed that individuals gain control over their tics through the development of compensatory mechanisms that lead to enhanced control over motor outputs (e.g., [4, 5, 42] ). Specifically, it has been argued that the constant need to suppress tics leads to enhanced inhibitory control of motor outputs that generalizes to laboratory measures of cognitive control [4] .
Behavioral evidence consistent with this suggestion comes from the finding that adolescents with 'uncomplicated' TS (i.e., without co-occurring ADHD) exhibit enhanced levels of cognitive control over their motor outputs compared to age-matched, typically-developing, individuals [4, 5, 40, 41] , and that behavioral measures of inhibitory control over motor outputs are strongly associated with clinical measures of tic severity [5, 40, 41] . But what are the brain mechanisms that might be responsible for this enhanced control over motor outputs?
Recruitment of Prefrontal Cortex A longstanding proposal is that individuals with TS gain control over their tics through the development of compensatory self-regulation mechanisms, implemented through changes in neural pathways linking the prefrontal cortex with primary and secondary motor regions [5, 6, [42] [43] [44] .
Indirect support for this view comes from an early structural MRI study that examined regional differences in brain volume in a large group of children and adults with TS compared to a group of typically-developing individuals [43] . This study demonstrated that children with TS, but not adults, exhibited larger dorsal prefrontal cortex volumes than controls, and that larger frontal cortex volume was associated with fewer tics. It was concluded that alterations in cortical structure might serve a compensatory function, in which increased frontal brain volume helps to regulate the occurrence of tics. Further support for this idea was obtained in an electroencephalography (EEG) study that investigated the interaction between frontal and motor brain areas in adults with TS, and demonstrated that EEG alpha (8-12 Hz) band coherence between prefrontal and cortical motor areas was increased in the TS group when they were engaged in the voluntary suppression of their tics [44] . Furthermore, EEG alpha coherence in this same frontomesial network was increased in the TS group, relative to controls, when they suppressed voluntary movements while performing a laboratory Go/NoGo task. This indicated that activity in frontomesial cortical networks is adaptively heightened in TS and can be utilized in the voluntary suppression of tics. It is important to note, however, that in this study there were no differences between the TS group and controls in behavioral performance on the Go/NoGo task. Thus, an alternative conclusion might be that the increased EEG alpha coherence observed in the TS group carried little functional benefit and could instead be interpreted a evidence of neuropathology in TS.
Role of the Supplementary Motor Area (SMA)
The SMA is likely to be a particularly important region for the enhanced control mechanisms that have been observed in TS. The SMA is a major site for thalamocortical projections [45] and has been linked previously to both the volitional control of action [46] and to non-conscious, effectorspecific control of motor outputs [47] . Most importantly, cortical excitability within the SMA has been linked to the genesis of tics in TS by several separate but parallel lines of research.
First, the hyper-excitability within primary motor cortex (M1) that is linked to TS has been reported to result from an increase in the functional interaction between SMA and M1 [48] . Importantly, in this MEG study, in contrast to the EEG study referred to above, MEG coherence was shown to be uncorrelated with tic severity or any other clinical measures. For this reason it was concluded that demonstrations of increased fronto-motor coherence in TS are likely to be a pathophysiological marker of TS rather than a marker of enhanced frontal control.
Second, brain imaging (fMRI) studies have demonstrated that there is increased fMRI blood oxygen level dependent (BOLD) activity within the SMA of individuals with TS that immediately precedes the occurrence of tics [49] . Furthermore, when SMA activity is actively suppressed through the use of inhibitory low-frequency repetitive TMS, it has been demonstrated to produce a sustained decrease in tic severity in individuals with TS [50] [51] [52] . By contrast, when SMA activity is actively increased through the use of excitatory high-frequency repetitive TMS, tic-like behaviors can be reliably induced in typically-developing adults [53] .
Finally, a central assumption of the frontal compensatory self-regulation hypothesis is that increased control of tics is brought about by increased functional connectivity between frontal control regions and motor cortex. It follows from this that enhanced frontal control should be accompanied by increased functional and/or structural connectivity within control circuits that link the frontal cortex (or higher-order motor areas such as the SMA) with motor cortex. These may include direct cortico-cortico connections or indirect connections via CSTC circuits. Unfortunately, recent functional and structural brain imaging evidence does not provide convincing support for this hypothesis.
Studies of Functional Connectivity in TS
This issue was directly investigated in a large group of adolescents with TS by examining functional connectivity, using resting-state fMRI (rs-fMRI), between several cortical control regions, including the frontoparietal network that is hypothesized to be involved in adaptive online control of motor outputs [31] . It was demonstrated that functional connectivity in these control networks was underdeveloped compared to those of typically-developing controls. Unfortunately, it is not known if the immaturity in these control networks was associated with alterations in behavioral control or clinical symptoms, and it is therefore not possible to disentangle cause and effect. However, two recent studies have since both reported that functional connectivity between cortical brain areas is substantially increased in adults with TS. More importantly, both studies demonstrated that increases in functional connectivity were associated with increased tic severity [32, 33] .
Studies of Structural Connectivity in TS Recent MRI investigations of structural connectivity between brain areas in TS using diffusionweighted imaging have also largely failed to provide convincing support for the frontal compensatory self-regulation hypothesis. For instance, a recent study used diffusionweighted MRI to investigate alterations in the microstructure of white matter, together with a behavioral response-switching task, in a group of adolescents with TS [5] . Adolescents with TS exhibited both enhanced control over motor outputs, relative to a matched control group, and widespread alterations in the microstructure [fractional anisotropy (FA) values and mean diffusivity differences] of their cortical white matter tracts. Specifically, white matter FA values were significantly reduced in the TS group. Importantly, performance on the behavioral task for the TS group was strongly predicted by the white matter microstructure in pathways within the prefrontal cortex, and increased FA in the TS group was positively associated with increased tic severity. This finding indicates that reduced structural connectivity in TS may be associated with reduced tic severity. A similar result was obtained in a recent study of adults with TS that demonstrated increased structural connectivity in TS within white matter tracts linking the striatum and thalamus with cortical sensorimotor areas cortices, including increases in fractional anisotropy (FA) within these tracts. Importantly, increased structural connectivity (including increased FA values) was again shown to be positively associated with increased tic severity [29] .
Together these findings provide little convincing empirical support for the idea that increased volitional control over tics in TS is accompanied by increases in structural and functional connectivity linking the frontal cortex to regions of sensorimotor cortex. Instead, to the extent that apparently compensatory alterations in brain structure and function have been identified in TS, these may in fact operate to decrease or limit neural communication with cortical motor areas and thus reduce tics [35, 54] .
Altered 'Gain' in Motor Cortical Excitability Based upon a Localized Increase in 'Tonic' Inhibition It has been proposed that a secondary consequence of TS is that enhanced control over volitional movements, and the suppression of tics, may arise as a result of increased 'tonic' inhibition (Box 1) in which localized suppression of cortical excitability may be achieved through an alteration in the inhibitory tone of motor areas [4, 35, 40, 54, 55] .
This proposal is consistent with findings from fMRI studies that report decreased fMRI BOLD responses within primary and secondary motor areas during volitional movements in individuals with TS [5, 35] , and with studies that have used TMS to investigate alterations in motor cortex excitability in TS. Studies that have investigated TMS-induced increases in motor cortical excitability in TS have repeatedly shown that the gain in motor cortical excitability is significantly reduced in individuals with TS [54, 56] ( Figure 1A) . Similarly, studies that have used TMS to investigate alterations in the gain in motor cortical excitability ahead of volitional movements have reported that the gain in motor cortical excitability is significantly reduced in individuals with TS [55, 57, 58] (Figure 1B) , and that reduced motor gain functions are associated with increased tic severity [58] ( Figure 1C ).
GABA Increases Contribute to Tonic Inhibition of Motor Excitability In TS
It has been proposed that individuals with TS may gain control over their tics through an increase in tonic inhibition [4, 35, 55, 58] , and that the SMA is a likely focus for these control mechanisms.
Non-invasive in vivo investigation of localized concentrations of GABA within the brain is possible in humans using a form of magnetic resonance imaging known as proton magnetic resonance spectroscopy (MRS). MRS can be challenging at conventional magnetic field strengths (e.g., 3 Tesla), particularly for metabolites such as GABA that are present in small concentrations, but is improved at ultra-high field strengths.
Recently ultra-high-field MRS has been used to investigate localized alterations in GABA concentration in TS, and has demonstrated that increased control over motor outputs may arise as a consequence of increased levels of GABA within the SMA that may alter the gain of Disruption of the balance between inhibitory and excitatory influences within key brain circuits has been proposed as a basis for many neurodevelopmental disorders [7, 8] . Within the adult, regulation of activity within neural circuits relies upon GABA-releasing neurons. GABA is present in 25-50% of synapses and contributes to almost all brain functions. While understanding of GABA-mediated inhibition has largely focused upon transient phasic GABA transmission at synapses, it is now clear that low levels of ambient GABA, present within the extracellular space, can bind to extrasynaptic, highaffinity, GABA receptors and participate in a more persistent tonic inhibition that may modulate, over a longer timescale, the excitability of local brain networks [59] [60] [61] . Importantly, phasic and tonic forms of GABA-mediated inhibition function differently and independently of one another, and differ in their location (synaptic vs extrasynaptic receptor sites), timescale (transient vs longer-lasting effects), and in their sensitivity to GABA associated with the GABA-A receptors that are activated in each case. Phasic synaptic GABA release inhibits target neurons for a short time, whereas tonic GABAmediated inhibition operates over a longer timescale to modulate the inhibitory tone of the target neuron or network.
Role of Extrasynaptic GABA Receptors in Tonic Inhibition
Extrasynaptic GABA receptors are found at somatic, dendritic, and axonal areas of the neuron, and have a much higher affinity for GABA agonists than postsynaptic GABA receptors, making them particularly responsive to low levels of extracellular GABA [60] . Both GABA-A and GABA-B receptors are found extrasynaptically, and may play an important role in regulating neuronal activity through a form of 'gain control' based upon tonic inhibition [58] . Specifically, it is proposed that concentrations of extracellular GABA within neural microcircuits are modulated dynamically in response to current network activity [60, 61] .
Role of Astrocytes in Tonic Inhibition
Astrocytes are a form of glial cell that connect with the pre-and postsynaptic regions of neurons and modulate neuronal transmission. In particular, astrocytes may respond to neural activity via neurotransmitter receptors, and modulate synaptic transmission and the excitability of their neuronal targets through the release of various gliotransmitters.
GABA can be released from astrocytes [60, 62] , and may be released in response to glutamate uptake ( Figure I ), producing tonic GABA-mediated inhibition to counter increased levels of neuronal activity. This is thought to result in a tunable and localized negative feedback mechanism that modulates the gain of network excitability [61] .
GABA uptake motor excitability. Specifically, in vivo concentrations of GABA were measured within primary and secondary motor areas of adolescents with TS relative to an age-and gender-matched control group [54] . GABA concentrations were collected from three regions-of-interest (ROIs): the hand area of the left primary sensorimotor cortex (M1), bilaterally from within the SMA, and from a control site centered upon the primary visual cortex (V1). Concentrations of GABA within the SMA -a brain area consistently linked with the cortical genesis of motor tics in TS -were found to be significantly increased in adolescents with TS relative to the matched control group ( Figure 2B ), and increased GABA concentrations within the SMA were inversely related to fMRI BOLD activity within the SMA for the TS group. By contrast, GABA levels in primary motor cortex (M1) and in a non-motor control site (occipital cortex) did not differ between groups. These results are consistent with findings indicating that the gain in motor cortex excitability is reduced in TS ahead of and during volitional movements. Importantly, the GABA concentrations observed within the SMA in the TS group were predicted by two factors: current motor tic severity, and structural connectivity (FA values) measured within a region of the corpus callosum that projects to, and connects, the SMA. This finding is consistent with the proposal that high levels of excitability within the SMA, likely driven by inter-hemispheric and cortico-cortico signals, may lead to the release of extracellular GABA that contributes to tonic inhibition (Box 1). [54] . The graph illustrates how the TMS-induced muscle response (the motor evoked potential, MEP) increases at a different rate, in response to increases in TMS stimulator output, for the TS group compared to controls. Error bars are standard error (SE).
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Key: (A)
(B) Illustrates the altered gain in motor excitability (TMS induced muscle response) during the movement preparation period of a Go/NoGo task for a group of adolescents with TS compared to a matched group of controls [58] . Error bars are SEM. (C) Illustrates the association between motor tic severity and the linear slope function, calculated for each TS participant, that describes the rise in motor excitability during the movement preparation period [58] . Reproduced from [58] with permission from John Wiley and Sons.
Concluding Remarks
TS is a developmental neurological disorder characterized by vocal and motor tics and is linked to alterations in the balance of excitatory and inhibitory influences within key brain networks, particularly the CSTC brain circuits. TS has been linked with impairment in behavioral and physiological inhibition, and with dysfunctional signaling by the inhibitory neurotransmitter GABA. However, it is increasingly clear that, for many individuals with TS, their tics may remit during adolescence or they may gain control over their tics through the development of compensatory changes in brain structure and/or function. In this article we have reviewed recent evidence in support of one such control mechanism. Specifically, that increased control over motor outputs in TS, including the suppression of tics, may be brought about by increases in GABAergic 'tonic' inhibition within higher-order motor regions, such as the SMA, that lead to a localized reduction in the 'gain' of motor excitability. This account offers a novel alternative to the proposal that successful control of tics in TS is based upon continual, effortful, volitional suppression of tics, and has several implications for therapies. Most obviously, treatments which lead to targeted increases in the inhibitory tone of cortical motor areas may lead to the reduction in chronic motor tics. [54] . (B) Mean GABA concentration (GABA/NAA ratios) for the TS and control groups measured using MRS within separate V1, M1, and SMA voxels [54] . For the SMA voxel GABA concentrations are elevated relative to controls (* P<0.05). Error bars are standard deviation. (C) Scatter plot showing the negative association (r = À0.63, P<0.01) between individual GABA concentrations in the SMA voxel and fMRI BOLD signal change values within that same voxel [54] . Abbreviations: BOLD, blood oxygen level dependent; GABA, g-amino butyric acid; M1, primary sensorimotor cortex MRS, magnetic resonance spectroscopy; NAA, N-acetyl aspartate; SMA, supplementary motor area; TS, Tourette syndrome; V1, primary visual cortex.
Outstanding Questions
What factors cause some individuals to continue to exhibit tics into adulthood? This important question should be addressed in a longitudinal study of brain development over adolescence in TS.
Are there widespread decreases in GABAergic interneurons in the cortex of individuals with TS? Postmortem studies demonstrate large decreases in the number of GABAergic interneurons in the striatum of individuals with TS, and widespread alterations in cortical brain structure and function are reported. Further study will be necessary to understand the precise nature of these changes.
What role do 'premonitory urges' play in the occurrence or control of tics? Individuals with TS report that their tics are often preceded by premonitory urges that are described as uncomfortable cognitive or bodily sensations that are experienced as an urge for motor discharge. While premonitory urges and tics are associated, it is currently unclear if they are causally related or independent phenomena.
What role do alterations in structural and functional connectivity play in the occurrence or control of tics in TS? Existing studies of functional and structural connectivity in children and adolescents with TS, and in adults with TS, have provided conflicting and contradictory findings, and have been the subject of conflicting interpretations (i. e., cause and effect). Once again, longitudinal studies may provide important clarification of this issue.
Does increased GABA-mediated tonic inhibition underlie the remission of tics in TS? A recent MRS study has reported increased GABA concentrations in TS within the cortical SMA that are associated with tic severity and decreased motor excitability. Further studies are needed to replicate this finding and to determine if similar alterations GABA are found elsewhere in the brain in TS.
What role do astrocytes play in the amelioration of tics?
